Abstract-Short-term exposure to ambient particulate matter with aerodynamic diameters Ͻ10 m were found to be positively associated with blood pressure. Yet, little information exists regarding the association between particles and circadian rhythm of blood pressure. Hence, we analyzed the association of exposure to particulate matter with aerodynamic diameters Ͻ10 m on the day of examination and Յ7 days before with ambulatory blood pressure and with sodium excretion in 359 adults from the general population using multiple linear regression. .10 to Ϫ0.01 log-mmol/min] at lag 0; Pϭ0.027) but not with nighttime sodium excretion. The associations with blood pressure rapidly diminished with increasing lag days, and the associations with daytime sodium excretion were maximal with particulate matter with aerodynamic diameters Ͻ10 m in exposures 2 to 5 days before. The associations of short-term increases in particulate matter with aerodynamic diameters Ͻ10 m with higher nighttime blood pressure and blunted systolic blood pressure dipping were preceded by associations with reduced ability of the kidney to excrete sodium during daytime. The underlying mechanism linking air pollution to increased cardiovascular risk may include disturbed circadian rhythms of renal sodium handling and blood pressure. (Hypertension. 2012;60:00-00.) • Online Data Supplement Key Words: air pollution Ⅲ particulate matter Ⅲ blood pressure Ⅲ urinary sodium excretion Ⅲ circadian rhythm Ⅲ hypertension A ir pollution has been shown to be associated with increased cardiovascular morbidity and mortality in numerous epidemiological studies.
A ir pollution has been shown to be associated with increased cardiovascular morbidity and mortality in numerous epidemiological studies. 1, 2 A proposed mechanism to explain these associations involves increased blood pressure (BP). 3 Most studies found a positive association between particulate matter (PM) and casual BP, measured either in the office or at home, whereas others reported a negative association or even no association at all. 4, 5 Interestingly, only a few small-sized studies assessed the association between PM and 24-hour ambulatory BP. A panel study including 48 healthy adults showed that Յ10-m PM (PM 10 ) levels were not associated with ambulatory BP at lag 0 day. 6 Another study including 10 patients with lung disease found that higher particle number concentration Ͻ1 m was associated with higher systolic BP (SBP) and diastolic BP (DBP), whereas PM 10 levels were not associated with ambulatory BP. 7 A study on a panel cohort of elderly subjects with a history of coronary artery disease found a strong association of short-term exposure to Յ2.5-m PM with elevated SBP and DBP. 8 Two intervention studies found BP levels to be lower when people wore a facemask during walking activities. 9, 10 In general, BP follows a circadian rhythm with a nocturnal decline of 10% to 15% of daytime values ("dipping").
BP, and night:day BP ratio appears to predict all-cause mortality. 15, 16 The factors affecting circadian BP changes include variations in the activity of the sympathetic nervous system and the capacity of the kidney to excrete sodium. [17] [18] [19] To our knowledge, no previous study has linked short-term exposure to PM with the circadian rhythm of BP. In this study, we explored the associations of short-term daily exposure to PM 10 with daytime BP, nighttime BP, and BP dipping in adults from the city of Lausanne. In a second stage, we also explored the association of short-term exposure to PM 10 with daytime and nighttime urinary sodium excretion that have been measured simultaneously to ambulatory BP, because some of us had shown previously that an inability to excrete sodium during daytime was associated with reduced nocturnal BP dipping. 19 
Methods

Study Population
Participants to the Hercules Study are a random sample of 432 participants, aged 38 to78 years old, of the population-based Cohorte Lausanne (CoLaus) Study. Visits occurred from May 2007 to August 2009. The participants attended the Lausanne University Hospital in the morning after an overnight fast (Ն8 hours). The average distance from participants' residence to monitoring station is 2.6Ϯ3.8 km. The other variable definitions can be found in the supplementary Methods section, available in the online-only Data Supplement. The study was approved by the institutional review board. All of the participants provided written informed consent.
Ambulatory BP and 24-Hour Urine
Ambulatory BP was monitored using validated 20 electronic Diasys devices (DIASYS Integra; Novacor, Rueil-Malmaison, France) placed on the left arm with an appropriately sized cuff. Measurements were recorded every 20 minutes during the day and every 30 minutes at night. The actual awake and asleep periods were used, as reported by participants, to define daytime and nighttime. Validation criteria have been described previously. 21 Dipping was calculated as daytime minus nighttime values for ambulatory BP. Participants collected urine for 24 hours using separate wide-neck plastic bottles for daytime and nighttime urines. Participants were asked to empty their bladder in the clinic, to use the daytime urine bottle until they went to bed, and to write down the time of the last urine before going to bed. Participants were asked to pass any urine voided during the night and the first morning urine in the nighttime bottle, which represents the end of the nighttime urine collection. Completeness of urine collection was assessed using urinary creatinine excretion per kilogram of body weight and urine volume (Ͼ300 mL/24 hours). Urinary and plasma sodium and potassium concentrations were measured by flame photometry (IL-943; Instrumentation Laboratory, Milan, Italy) and creatinine concentration by the picric acid method (CobasMira; Roche, Basel, Switzerland). We expressed urinary sodium and potassium excretion rates in millimoles per minute, separately for day and night. Urinary sodium excretion rate was our primary dependent variable of interest (daytime, nighttime, and day:night ratio), but we also explored associations with fractional excretion of sodium and with urinary potassium excretion (see supplementary Methods section in the online-only Data Supplement).
Air Pollution and Meteorologic Data
The monitoring station is located in Lausanne-César-Roux, at 530 m above sea level, next to a slightly ascending inner city transit road (30 000 vehicles per day). The station is Ϸ400 m away from the Lausanne University Hospital, where the participants' examination took part, always between 7:00 AM and 12:00 PM. On one side of the road is an open schoolhouse yard, which favors good mixing of the air. In the close vicinity are exclusively apartment buildings and service companies. The monitoring data were obtained from the Swiss National Air Pollution Monitoring Network. 22 We analyzed data on PM 10 , as well as outside air temperature, pressure, and humidity. Hourly concentrations of PM 10 were collected between May 2007 and August 2009, for a total of 854 days. Data control and quality control were done regularly by the responsible agency. Hourly concentrations were averaged into 24-hour means (12:00 AM to 12:00 AM) as a point estimate of air pollutant levels in the study area. We matched air pollution and meteorologic data to each participant's examination day but not to the examination time. The definition for season can be found in the supplementary Methods section.
Statistical Analyses
We used multiple linear regression to examine the associations between short-term exposure to ambient PM 10 (as an independent variable) and daytime SBP/DBP, nighttime SBP/DBP, and absolute SBP/DBP dipping (as dependent variable). We also explored the association of PM 10 with log-transformed daytime and nighttime urinary sodium excretion rates. Exposure to PM 10 We used a 2-stage approach to adjust the covariates in the models. Model 1 included basic covariates, such as age, sex, body mass index, hypertension medication, diabetes mellitus, current smoking status, alcohol consumption, education, season, outside air temperature, and air pressure. For dipping, daytime SBP or DBP was also accounted for baseline BP level, which is equivalent to assessing proportional BP dipping. Based on previous biological and epidemiological knowledge, we constructed model 2 by adding the following covariates to those included in model 1: urinary sodium and potassium excretion (in millimoles per day and millimoles per night) and creatinine clearance (in milliliters per minute per day and milliliters per minute per night). To assess whether the relation was modified by hypertension, we included a multiplicative interaction parameter between hypertension and PM 10 into the linear models. Sensitivity analyses were conducted by adding urinary creatinine excretion and urine volume as covariates in the models (for SBP, DBP, and BP dipping) to take into account the quality of urine collection. We also explored the association of 1-year average exposure to PM 10 with BP outcomes, either as the main exposure of interest or as a covariate added in the model including short-term exposure to PM 10 . For the urinary sodium and potassium excretion rate models, we also conducted unadjusted and adjusted analyses by including age, sex, body mass index, hypertension medication, diabetes mellitus, smoking, alcohol, outdoor temperature, air pressure, education, season, 24-hour urinary creatinine excretion, and urine volume as covariates in the model. To minimize the influence of severe outliers and to better achieve a normal distribution of the residuals for sodium excretion rate and fractional excretion of sodium, we replaced the extreme low and high values outside percentiles 1 and 99, respectively, using a winsorization approach, similar to what has been done previously. 23 All of the data analyses were done using Stata 11.0 (Stata Corp, College Station, TX), and a 2-sided significance level of 5% was used. Estimates of the effects of air pollutants were expressed per 10 g/m 3 for the mean value of PM 10 .
Results
Participant characteristics and average concentrations of the environmental factors are presented in the Table. Overall, there were 359 participants in the analysis. Seventy-three participants had missing data, including 32 for nighttime SBP, 12 for daytime sodium excretion, 20 for alcohol consumption, 3 for smoking status, and 5 for PM 10 concentration (examination date). One participant was excluded because of incomplete urine collection (Ͻ300 mL for 24-hour collection). Participants included in the present analyses (Nϭ359) and those excluded (Nϭ73) had similar characteristics (Table S1 , available in the online-only Data Supplement). The average PM 10 concentration was 23.5 g/m 3 (Ϯ13.6 g/m 3 ), which represents a rather low level of PM air pollution, and the average temperature was 11.7°C. Additional participant characteristics are presented in Table S2 .
PM 10 was not significantly associated with daytime SBP ( Figure 1A ). PM 10 was associated positively with nighttime SBP on the same day (lag 0; ␤ coefficientϭ1. 32 for all of the participants after full adjustment, with effect sizes decreasing rapidly at higher lags ( Figure 1B ). Compared with crude analyses, adjusted models tended to show smaller effect sizes during daytime and larger effect sizes during nighttime. Models 1 and 2 provided similar results in normotensive participants, whereas some differences were observed in hypertensive participants ( Figure 1A and 1B). There was no interaction between hypertension status and PM 10 levels for their effect on daytime SBP, nighttime SBP, or 24-hour SBP (P values Ͼ0.207). We found no significant association of 24-hour SBP with PM 10 in the adjusted models (data not shown). PM 10 was negatively associated with SBP dipping in all of the participants at lag 0 (Ϫ0.96 mm Hg [95% CI, Ϫ1.89 to Ϫ0.03 mm Hg]; Pϭ0.044 for model 2; Figure 1C ). These effect estimates slightly decreased for lag 1 to 4 and disappeared from lag 5 onward. For hypertensive participants, the associations remained significant for lag 0, lag 1 to 2, lag 4 to 5, and average 0 to 7 (model 2). Inclusion of covariates in the models substantially influenced the results, which highlights the importance of properly accounting for confounding factors (Table S3 ). The strongest impacts of covariates were found for outside air temperature, season, and urinary sodium excretion (in millimoles per day and millimoles per night). We did not find any (14) 24 (21) 1 141 (39) 91 (37) 50 (44) 2 41 (11) 25 (10) 16 (14) 3 45 (13) 32 (13) 13 (11) 4 74 (21) 62 (25) 12 (10) SBP, mm Hg Data are meanϮSD or n (%). BMI indicates body mass index; SBP/DBP, systolic/diastolic blood pressure; PM 10 , particulate matter Ͻ10 m in diameter; Na, sodium; K, potassium. *Education level is as follows: 0, mandatory school; 1, apprenticeship; 2, high school; 3, college; 4, university.
†A t test was used for continuous variables and 2 test was used for categorical variables. ‡P value is significant. ) with (A) daytime systolic blood pressure (SBP), (B) nighttime SBP, or (C) SBP dipping. Model 1 was adjusted for age, sex, body mass index (BMI), smoking, alcohol, hypertension medication, diabetes mellitus, outdoor temperature, air pressure, season, and education. Model 2 was adjusted for model 1 plus daytime urinary sodium excretion, nighttime urinary sodium excretion, daytime urinary potassium excretion, nighttime urinary potassium excretion, daytime creatinine clearance, and nighttime creatinine clearance.
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interaction of PM 10 levels with hypertension status, body mass index, glomerular filtration rate, or sodium excretion for their effect on SBP dipping at lag 0. Furthermore, we obtained similar results and conclusions when using percentage of dipping instead of absolute dipping. Long-term exposure to PM 10 was not associated with ambulatory SBP (data not shown). Figure 2 show the effects of PM 10 on DBP. In the adjusted models, PM 10 Figure 2B ). For DBP dipping, the negative effect was only significant at lag 2 with full adjustment of covariates for hypertensive participants ( Figure 2C ). Sensitivity analyses were conducted by adding urinary creatinine excretion and urine volume as covariates in the models (for SBP, DBP, and BP dipping) to take into account the quality of urine collection. This led to very similar results (data not shown).
Short-term exposure to higher PM 10 levels was associated with lower daytime urinary sodium excretion rate (on the log-transformed scale) from lag 0 to 5 days in all of the participants ( Figure 3A ). Daytime urinary sodium excretion was associated with PM 10 at more distant lags in hypertensive than in normotensive participants. Inclusion of covariates had modest impact in normotensive participants and somewhat larger impact in hypertensive participants. By contrast, we observed no association of PM 10 with nighttime urinary sodium excretion rate ( Figure 3B ). As a consequence, shortterm exposure to higher PM 10 was significantly negatively associated with the day:night ratio of urinary sodium excretion rate at lags 1, 2, 3, and 5 in all of the participants ( Figure  3C ). The strongest association of PM 10 with the day:night ratio of urinary sodium excretion tended to occur earlier and lasted longer in hypertensive patients than in normotensive patients. Sensitivity analyses led to slightly higher effect estimates but did not alter the general picture (Table S4) . For all of the participants, we found significant associations between short-term exposure to PM 10 and reduced daytime fractional excretion of sodium from lag 0 to 5 days ( Figure  S1 , available in the online-only Data Supplement). We found no clear association of PM 10 with daytime and nighttime urinary potassium excretion rates ( Figure S2 ). In addition, short-term exposure to higher PM 10 was associated with higher nighttime heart rate at lags 1 and 2 ( Figure S3 ).
Discussion
We found that short-term exposure to PM 10 was significantly associated with higher nighttime SBP, DBP, and a blunted nocturnal SBP dipping in adults from the general population. The effect sizes per 10 g/m 3 of PM 10 were in the order of 1.0 mm Hg for nighttime SBP and 0.5 mm Hg for nighttime DBP. Our findings are in line, both in direction and in effect sizes, with the results of most previous epidemiological studies showing a positive association between exposure to PM and casual BP measurements. [23] [24] [25] In addition, we show that short-term exposure to relatively low levels of PM 10 is associated with a disturbed circadian rhythm of BP. The only 2 previous studies linking exposure to PM 10 to ambulatory BP included Ͻ50 participants, were not population based, and did not explore the circadian rhythm of BP. 6, 7 The larger one found no association of PM 10 , measured from monitoring stations, with ambulatory BP in 48 healthy vehicular traffic controllers, 6 and the smaller study found a significant positive association of personal exposure to PM 10 with ambulatory SBP and DBP in 10 patients with impaired lung function. 7 Using the concentration from a single central monitoring station, our study suggests that short-term exposure to PM 10 increases nighttime BP in the general adult population. Several panel studies with repeated BP measurements 7,26-29 and large population-based studies with 1 BP measurement for each subject 24, 25, 30 showed that increased PM levels are associated with higher BP levels. However, some studies found either no association 6, 31 or a negative association 32 of PM with BP. Also, in experiments involving controlled exposure of volunteers and animals, a rapid effect of PM on BP was often described only hours after exposure. [33] [34] [35] [36] Several mechanisms have been proposed to link exposure to PM with BP control. Inhaled PM can trigger acute autonomic nervous system imbalance and systemic proinflammatory responses and can activate vascular endothelial dysfunction and arterial vasoconstriction. 2, 37, 38 Our findings suggest that PM 10 is associated with increased nighttime BP the same day after a few hours of exposure but also when exposure occurred 24 to 48 hours before exposure. The effect on SBP dipping is persisting for Յ5 days. This disturbance of BP variation might be part of the underlying mechanism linking exposure to air pollution to increased risk for coronary and cerebrovascular events over a few days.
Short-term exposure to higher levels of PM 10 was clearly associated with lower daytime but not with nighttime urinary sodium excretion rate, highlighting a disturbed circadian rhythm of renal sodium handling. This difference between day and night is not surprising considering that participants are more likely to be exposed to outdoor PM 10 levels during daytime than during nighttime (ie, while they sleep indoors), and PM 10 levels are lower at night. These effects were observed for lag 1 to 5, which suggests that exposure to PM 10 has a long-lasting effect (ie, a few days) on the kidney. A similar inability of the kidney to excrete sodium during daytime was associated with reduced nocturnal BP dipping in people of African descent. 19 We here add a new piece to the puzzle, namely that air pollution influences the circadian rhythms of both BP and renal sodium handling. This observation is made in a setting with low average PM 10 levels, and stronger effects on BP are expected in places with higher levels of air pollution. Our findings are in line with the hypothesis by Fukuda et al 39 that an impaired capacity to excrete sodium during daytime would lead to a nondipping pattern. People with decreased natriuresis during daytime enhance the pressure-natriuresis at night to maintain sodium balance, which leads to elevated nighttime BP. 39 The phase shift between associations of PM 10 with reduced daytime sodium excretion and with blunted SBP dipping suggests that PM 10 exposure has longer lasting effects on renal sodium Figure 2 . Association of particulate matter (PM) 10 (per 10 g/m 3 ) with (A) daytime diastolic blood pressure (DBP), (B) nighttime DBP, or (C) DBP dipping. Model 1 was adjusted for age, sex, body mass index (BMI), smoking, alcohol, hypertension medication, diabetes mellitus, outdoor temperature, air pressure, season, and education. Model 2 was adjusted for model 1 plus daytime urinary sodium excretion, nighttime urinary sodium excretion, daytime urinary potassium excretion, nighttime urinary potassium excretion, daytime creatinine clearance, and nighttime creatinine clearance. excretion than on BP. Our findings are of interest in that they propose a mechanism whereby reduced renal sodium excretion precedes the blunted BP dipping. Activation of the sympathetic nervous system could, for instance, explain both effects (ie, renal sodium retention after stimulation of the renin-angiotensin-aldosterone system and direct pressor effect of increased sympathetic drive).
This study has several strengths. We have simultaneous 24-hour BP and urine collection in a large, population-based sample using a standardized protocol (prospective study). The separate day and night urine collections allow exploring the association of short-term exposure to PM 10 with the circadian rhythms of BP and renal sodium handling. The monitoring station is located very close to the university hospital (400 m), where each participant has actually been exposed to these PM 10 levels when coming to and when leaving the hospital at lag 0 day. The monitoring station is also only a few kilometers from their residence, thus reflecting well the day-to-day variation of PM 10 levels.
On the other hand, several limitations deserve comments. First, the study was not designed for the primary purpose of exploring the role of air pollution on cardiovascular health. This is a cross-sectional analysis using one single ambulatory BP monitoring, as well as the absolute level of PM 10 at a single monitoring station for the entire city of Lausanne. This is a common problem in large epidemiological studies that cannot equip each subject with personal exposure monitoring devices. However, this limitation is likely to lead to an underestimation of the effect of air pollution via a nonsystematic exposure misclassification. Indeed, personal exposures can vary substantially from the levels measured at a central monitoring station. Yet, the variation of PM 10 levels measured in Lausanne showed fairly good correlation (Spearman rϭ0.73) with the variation of levels measured in a nearby city (Morges) located at Ϸ11 km. This clearly suggests that exposure measurement at the Lausanne monitoring station adequately captures the PM 10 variation for a large proportion of Lausanne inhabitants. Also, we did not take the activity level of participants, which could affect both outcome and exposure, during the BP monitoring into account. Because other air pollution exposures, such as nitrogen oxide in traffic and black carbon/elemental carbon by diesel exposures, as well as noise and sleep quality, were not available in this study, we cannot exclude a confounding or modifying effect from these factors.
Second, our results only pertain to short-term exposure to PM 10 (Յ5 days) and cannot be generalized to long-term exposure. In addition, although the models were adjusted for individual-level confounders, we cannot rule out the effects of unmeasured confounders. Third, the studied population is from a single geographical area, and the findings may not be generalizable to other regions or cities.
Finally, it is important to acknowledge that PM 10 is a complex mixture of chemical compounds, the behavior of which strongly depends on the atmospheric conditions. Putaud et al 40 reported that the most important compounds to PM 10 mass for 4 Swiss locations (Bern, Zurich, Basel, and Chaumont) were black carbon, organic matter, mineral dust, ammonium, nitrate, and sulfate. Further studies are needed to explore which compound(s) of PM 10 might be responsible for the observed associations. Levels of PM Յ2.5 m were not available, and we could not explore their specific effects.
Perspectives
According to this study, the short-term exposure to high levels of PM 10 has a visible impact on the circadian rhythms of BP (high nighttime BP and blunted nocturnal systolic dipping profile) and sodium excretion (low sodium excretion during daytime). This pattern of association between exposure and effects suggests that the kidney may play a key role in how short-term exposure to PM raises BP. Considering the ubiquitous and frequent exposure of the general population to PM and the known association of nondipping with increased cardiovascular mortality, even modest associations may have substantial public health impact.
Novelty and Significance
What Is New?
• Air pollution appears to influence the circadian rhythms of both BP and renal sodium handling.
What Is Relevant?
• Modest increases in PM in a setting with low average air pollution levels are associated with higher nighttime BP, a strong determinant of cardiovascular risk, and reduced daytime urinary sodium excretion rate, a determinant of BP dipping. If these results are confirmed in settings with high air pollution levels, exposure to PM may lead to substantial cardiovascular burden worldwide.
Summary
Exposure to ambient PM 10 is associated with higher nighttime BP and blunted SBP dipping. Education was classified into 5 categories (mandatory school, apprenticeship, high school, college and university) and four dummy variables were entered into the model. Smoking was defined as present if a participant reported to be a current smoker at the time of examination, and alcohol consumption was defined as present for participants reporting to drink alcohol at least once a day. Diabetes was defined as having fasting glucose of 7.0 mmol/liter or greater or being on antidiabetic treatment. Weight and height were measured in light indoor clothes. BMI was defined as weight divided by height in meters squared. Hypertension was defined as having mean office SBP/DBP of 140/90 mm Hg or greater (3 measurements using a standard mercury sphygmomanometer after 5-minute rest in the sitting position using an appropriately sized cuff) or being on antihypertensive treatment.
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ONLINE SUPPLEMENT SHORT-TERM INCREASE IN PARTICULATE MATTER BLUNTS NOCTURNAL BLOOD PRESSURE DIPPING AND DAYTIME URINARY SODIUM EXCRETION
We computed FE Na by dividing the sodium clearances by the creatinine clearance (C Na ), which was calculated as C Na =U Na *V/P Na , U Na and P Na are urinary and plasma concentrations of the solute sodium, and V is the volume of the urine sample.
Season was defined as follows: winter (December-January-February), spring (March-April-May), summer (June-July-August) and fall (September-October-November). Note: BMI, body mass index; SBP/DBP, systolic/diastolic blood pressure; Na, sodium; K, potassium. 
